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Abstract: Micro-Grid (MG) integrates renewable generation, storage devices and controllable generations, it
provides efficent utilization of clean energy while keeping stable external characteristics. Capability of continuous
power supply, high scalability and flexible operation modes can satifiy the current demand of joint operation of
renewable generation and Macro-Grid, and will provide a solid foundation for smart grid technology in the future.
Thus, MG is an excellent integration of renewable energy utilization with a bright future, Multi-Agent System
(MAS) is a new hierarchical control platform and can completely cover all the devices within a MG, its flexible
control modes meet the needs of various operations of MG, and the capability of distributed computing supports
intelligent functions of MG in the future. Therefore, developing premium functions for MAS in MG control will
promote the development of both MG and Smart Grid technologies. This paper reviews the current applications of
MAS technology for MG both in basic and advanced control demands. For basic demands concerning safe
operations for MG, functions of MAS are available, but a further improvement of performance is essential for
future researches to increase penetration of MAS in MG control; For advanced demands, MAS should increase
calculation speed to meet the complex need of MG. In the last part, the future focuses are also depicted.
Keywords: micro-grid; multi-agent system; control; review; frequency control; voltage control; economic dispatch;
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1. Introduction
The demand for clean and reliable energy utilization is getting higher as the fast development of human society. Under
this circumstance, traditional electricity consumption basing on a Macro-Grid has proven some of its defects.
Macro-Grid is vulnerable to disturbance especially when encountering nature disaters, taking the blackouts in North
America in 2004 and South China in 2008 as example. Moreover, Macro-Grid lacks scalability and costs much in its
construction and maintainance. As a long-distance transmission is common, the power loss of a Macro-Grid is
significant[1,2]. Macro-Grid is very dependent on fossil fuels, this can not meet the current needs of modern society[3–5].
Decreasing the dependence on Macro-Grid has been a crucial topic in power system research. These years researchers
have developed a new technology called distributed generation (DG). DG places renewable generations near local loads
and has advantages such as low pollution, low cost and high flexibility. However, DG takes solar and wind as its
primary energy, this makes DG technology very unstable in real operation[6,7].
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Afterward, researchers integrate controllable generations (CGs), storage devices and local loads with renewable
generations to form the original conception of Micro-Grid (MG)[8–10]. MG maximizes the utilization of renewable
generation while keeping stable external characteristics due to its special structure. As loads are supplied by generations
nearby, construction cost and power loss in operation are significantly lowered[11,12]. Flexibility of a MG is high since it
allows devices to join or quit operation at anytime[13,14]. In ideal operation, MG runs in connecting mode with
Macro-Grid to provide auxillary services[11,15]; as long as fault occurs, MG runs in islanded mode to provide
uninterruptible power supply for local customers. Multiple MGs supports joint operation for different situations. Thus,
MG is an excellent integration of renewable energy, it provides a good supplement for current Macro-Grid system and
will lay a solid foundation for smart grid technology in the future.
Many researchers have obtained important achievements in MG technology these years. As the initiator of MG
conception, Consortium for Electric Reliability Technology Solutions in the US builds a demonstrative system of MG in
the state capital of Ohio. This MG system comprises batteries, turbines, normal and crucial loads and adopts a
self-management for an effective control mode[16]. Recently, more than 45% of the MGs in the world are within the US,
and the US has spent more than 40,000 thousand dollars to build MG systems for military bases both in its mainland
and Hawaii state since 2011. In Europe, Spain, Portugal, Greece and France have built several MG systems in
considerable scale. In particular, the National and Capodistrian University of Athens devotes to set a series of standards
of MG cluster and its operation performance evaluation in projects named “MICROGRIDS” and
“MORE-MICROGRIDS”. Due to a lackage of resources, Japan values MG technology very much. In 2005, a MG
consisting renewable generations 150kW in total was put into operation, and it achieved an optimal control via a
combination of long and short-term plan. In China, more than 30 MGs integrating smart grid technologise
have been built recently. Among those, a MG with desalination functions providing both electricity and water supply is
the most notewothy.
MG is a promising technology. As its special structure, developing a superior control platform will promote fast
development of MG and lay a solid foundation for smart grid in the future. Inhereted from the tranditional Marcro-Grid
control, centralized control mode relies on the only control unit. The control burden is heavy and this mode is unable to
satisfy various control needs of distributed devices within a MG; The newly developed distributed control mode has
several completely equivalent control units, thus, none of them has a higher authority to perform an overall control to
eliminate status fluctuation of the whole MG. Multi-Agent System (MAS) is a hierachicle control platform. In a MAS,
every agent has a certain intelligence to perform local control independentely, several agents within the lower layer
obey orders from one agent in upper layer. Thus, MAS can switch between distributed and centralized control freely
when needed[12,17,18].
This paper focuses on a brief review of current MAS technology utilized in MG control. The future focuses of this
technology is also predicted. The rest contents of this paper are organized as follows. Feasibility and developing mode
of MAS in MG control is analysed in Section 2. Recent researches and applications of MAS in MG are evaluated in
Section 3. Future development of this topic is analysed in Section 4. Finally, a conclusion basing on the content of this
paper is given in Section 5
2. MAS feartuers
Judging from topology, MAS platform can cover each of the devices within a MG. Structure of a MG can be devided
into two layers: control and device layer, which is similar to a MAS structure. A MG usually contains multiple
generators, storages and loads. These devices may belong to different oweners, thus have different control objectives
and various interest demands. When a MAS is utilized in MG operaion, lower agents will provide information and help
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upper agents control the overall status; each device within the MG is monitored by an independent, exclusive lower
agent. This agent tries to satisfy all the control objectives and maximizes the benefit of this device. The
relationship between MAS and MG is shown in Figure 1, when any device joins or quits MG operation, MAS platform
adds or removes agent synchronously to ensure a complete coverage in topology
Figure 1 Common structure of MAS platform utilized in MG control
Considering the capability of control mode switching, MAS is a good choice for MG. In stable operation, upper
agent allows lower agent do local control independently, this provides adequate freedom for various kinds of devices,
making MG a friendly environment for integrating more devices, helping improve scalability of MG; when fluctuation
or fault occurs, MG needs powerful control to retrieve stable status. In this case, upper agent performs an overall
coordination, lower agents provide full support for coordination using local reasources. Thus MAS can satisfy the needs
for frequent operation mode switch in MG[19].
3. Current applications of MAS technology in MG control
As a new control platform, recently MAS technology mainly focuses on basic and advanced control functions for MG.
Basic control functions are premise of a safe operation in MG, these functions involve active and reactive balance,
voltage and frequency stability within a MG; Advanced control functions improve stability, usability and efficiency of a
MG and help promote the penetration of MAS platform in MG control.
3.1 Basic Control Functionse
As proved by references[20–27], active and reactive power imbalance cause frequency and voltage deviation from their
ratings, respectively. Thus, active power coordination and frequency control are regarded the same control demand, and
so are reactive power coordination and voltage control. In islanded operation mode, MG losts support from Macro-Grid,
and it is quite hard for MG to stay in a stable status. Thus, recently basic functions of MAS in MG control mainly focus
on inslanded modet
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3.1.1 Active Power Coordination & Frequency Control
The traditional droop control inherited from Macro-Grid operation can be utilized for MAS platform in this control
demand. Basic idea of droop control is that each inverter of distributed generations runs in active-frequency mode.
Whenever a frequency deviation is detected, each inverter adjusts active power output according to its droop curve to
stabilize frequency. Droop control achieves a differential regulation, and a modification of operating point is needed
lately to retrive a rating frequency. A droop control of frequency basing on MAS platform with adaptability and
consideration of economic operation cost of MG is presented in[26]. The frequency detected by MG Central Controller
(MGCC) is taken as reference in[28], then all the CG Agents are ordered to perform droop control synchronously with an
evaluation of resistant capability of communication disturbance of the system. As a MG barely comprises rotating
generators, inertia of the system is low[22,29], slight imbalance of active power leads to a large deviation of frequency in
the MG. When a droop control strategy is applied via MAS platform, the differential regulation leads to a stabilized
frequency significantly deviated from its rating value. This decrease the usability of droop control in MG using MAS.
In contrast, a coordination of active power provides a direct solution for frequency regulation. A simple method for
frequency control of MG in islanded mode is proposed in[21]. When a frequency deviation is detected, MAS orders CGs
to increase active power immediately and stop output increment once a balance is achieved. Implementation of the
method is easy, but it has obvious flaws. When MAS detects a power balance, it orders all CGs to stop output increment.
A certain delay is inevitable between the time point MAS sends out the message and when a CG Agent takes action
after receiving the message, this delay causes an opposite power imbalance leading to an opposite frequency deviation.
In[30], MGCC Agent directly inquires each CG Agent its maximal active power output and judges whether the imbalance
can be eliminated by CGs only, if not, MGCC Agent orders storage devices to get involved. If the total capacity of
storage devices is not enough, then a part of loads will be cut. This method ignores that due to limited capacity, a
storage device is not able to sustain a power output forever. When it is used up, the imbalance it fills up will appears
eventually. A power coordination method for multiple MGs is introduced in[31]. First, MAS figures out outputs of
renewable generations, State of Charge (SOC) of each storage device, status of CGs and the Macro-Grid. When
renewable generations provide excessive power, MAS orders storage devices absorb redundant energy. If total capacity
of storages is insufficient, Macro-Grid deals with the rest power; If the total power provided by renewable generations
are not enough, CGs will increase outputs. Reliability of this method is high, however, considering a limited capacity of
each storage, output of each renewable generation fluctuates frequently and power variation speed of a CG is low, this
method shifts the instability of renewable generations to Macro-Grid rather than form a stable external MG
characteristic. In fact, stability is the premise Macro-Grid allows a MG run in connected mode. A coordination method
with the idea of minimal load shedding is proposed in[32]. MAS classifies loads, when a power imbalance appears and
CGs have insufficient capacity, MAS sheds loads according to priority and let CGs fill up the imbalance they could. A
new method with token transferring is utilized in[33]. This method is designed distributedly, corresponding agent of the
device which leads to the imbalance is in charge of the coordination. This avoids single point failure. During the
coordination, a selection of low generation cost is applied. Responding speed of CG is considered in[34], MAS
distributes output varations of the CGs according to their responding speed to eliminate the imbalance as fast as
possible. This takes the real-time performance of active power coordination using MAS platform into consideration.
Currently, MAS functions in active power coordination of MG are basically available. However, the fact that
outputs of reneable generations fluctuate often leads to frequent demands for power coordination from MG, especially
in a bad weather; on the other hand, small active power imbalance causes a large frequency deviation due to low inertia.
Thus, MG needs coordinating method with higher performance than Macro-Grid does. The control objective is
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minimizing the harm the MG suffers from druing a whole coordinating process and helps it against the worst natural
condition. Low control performance directly leads to an explosion to imbalance with higher value or lasting a longer
period, increases possibility of system decomposition, aging of devices and circuits. This performance is considered
in[34], but a further research is needed. Future development of this topic focuses on an effective improvement of
real-time performance of coordination in MAS platform.
3.1.2 Reactive Power Coordination & Voltage Control
Being different from the global feature of frequency control, voltage control within a MG concerns local conditions. In
islanded mode, due to limited resource, voltage control becomes more difficult. A detailed analysis of the functions of
each agent in MAS during voltage coordination and the advantages of this control mode are given in[35].
Being similar to active power & frequency control, some researchers use droop control in voltage coordination, as
is shown in[26,28]. Other solutions usually use the basic control structure shown as follows: device agent monitors voltage
of its node directly. When an obvious voltage deviation is detected, corresponding agent orders local devices to help
with voltage coordination. An optimal configuration of monitoring and coordinating functions of device agents in this
control mode is introduced in[36]. Voltage control is regarded as a linear programming process with objective of
minimizing the control cost in this reference. Each of the device agents has its own reactive power sensitivity
coefficient. When a voltage deviation appears, the device agent having the largest coefficient adjusts the reactive power
its corresponding device output or absorb. This control mode is distributed, monitor agent in the upper layer acts only as
a communication center. As the decentralized feature of reactive power coordination, performance of this method is
quite satisfactory with low brandwidth occupancy. An effective voltage control method is presented in[37]. Monitor agent
calculates voltage reference of each device periodically. Once a voltage deviation is detected by an agent, it informs the
monitor agent. The latter chooses a suitable device agent to adjust it reactive power. If the capability of this agent is not
enough, its neighbor agents will get involoved to help achieve a complete coordination. Simulation results indicates that
this method performance well in actual scenarios.
In a word, due to hierachicle control structure, recent researches provide satisfactory functions for voltage and
reactive power coordination within MG basing on MAS platform.
3.2 Advanced Control Functions
Advanced control demands are not the premise of a normal operation. However, better advanced functions help
improve efficiency and reliability of MG technology and promote its development
3.2.1 Economic Dispatch
If a MG belongs to a single owner, operation cost rate (cost generated in unit time) minimization becomes an important
control objective. This can be described using the equations shown as follows:
min [Cgrid × Pgrid + i=1
n
j=1
mi Cj(Pi)   ] (1)
In equation (1), objective of economic dispatch is presented. Here, n is the number of CGs within a MG, Pi is the
active output of number i CG, Cj(Pi) is the number j cost rate function of CGi, mi is the total amount of rate functions,
Pgrid and Cgrid are the power and its unit price the MG buys from Macro-Grid, respectively. As MG technology aims at
maximizing the output of renewable generations, the target function of economic dispatch actually only concerns the
total cost rate of all CGs. Several constraints of economic dispatch process are shown in equantions (2)–(4).
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Pgrid + i=1
n Pi  = a=1
nrg Pa
rg  − b=1
nload Lb  (2)
Pi
min ≤ Pi ≤ Pi
min∀i = 1,2,⋯,n (3)
0 ≤ Pgrid ≤ Pgrid
max (4)
Here, nrg and nload are the number of renewable generations and loads, respectively, Pa
rg is the output of number a
renewable generation, Lb is the number b load. Pi
min and Pi
max represent upper and lower bound of output of CGi.
Pgrid
max is the maximal power MG buys from Macro-Grid. Equation (2) indicates that in any time during economic
dispatch, the grid must always keep the balance among power generations and consumptions.
MG requires an economic dispatch with higher performance than Macro-Grid does. As the frequent fluctuation of
outputs of renewable generations, each time an active power coordination has been carried out, an economic dispatch is
needed. For economic dispatch function of MAS, its calculating speed is as important as result quality. If it calculates
slowly, output of renewable generations may change before a result is achieved, total output of CGs varies, the
result becomes invalid. Besides, MG allows devices to join or quit operation at any time, the scale of MG might be large.
Thus, economic dispatch function of MAS should calculate quickly for a large MG.
For this topic, recently there are many global optimization algorithms available for MAS platform. Except existing
methods, the special centralized-distributed feature make MAS suitable in developing new smart algorithms.
An improvement of the model of MG ecnomic dispatch basing on MAS is introduced in[38,39], where response speeds of
CGs and storages are taken into account. This model also evaluates the transient performance of switching into the
status of minimal cost rate.
Many researches utilize existing alogrithms in MAS. A proportional active power distribution method is presented in[40].
When an imbalance appears, the CG having higher potential capacity increases its output by a larger amount. This
method is simple, but barely achieves a global optimal. A new economic dispatch method basing on Lagrange
Multiplier using MAS is proposed in[41], but the result quality is not evaluated. Authors of[42] distribute dichotomy on
MAS and compare this method with particle swarm to verify its reliability. Genetic Algorithm is widely utilized in
economic dispatch, such as[43] does. A Multi-Agent Genetic Algorithm is carried out in[44], emulation results indicates
that this method outperforms generatl genetic algorithms in calculation quality. Detailed information and
implementation of genetic algorithm can be found in[45]. Direct particle swarm is utilized in[46,47] for economic dispatch.
Basing on the common model of MG economic dispatch, an practicle evaluation of the cost of optimization process is
performed in[48]. In this reference, particle swarm is the core of optimization process. Mixed-Integer Linear
Programming is applied in[49], simulations prove the effectiveness of this mehod. A primary prediction of the renewable
generations using neural network is presented in[50], then a back propaganda mixed with particle swarm optimizes the
cost rate of the whole MG. Here, back propaganda searches local optimals while particle swarm searches the global
ones. Calculation results show that this mixed algorithm calculates quite fast in actual operation.
Implementation of existing method is easy, but it has several flaws. As expressed in[51–55] and the Global Optimization
Toolbox in Matlab platform, advantages and disadvantages of common global optimization algorithms are shown in
Table 1. Almost all the methods have flaws in actual application. Smart algorithms usually have some random searching
process to improve result quality and generality of the method, thus, they usually calculate very slowly, especially in
high-dimensional economic dispatch.e
Table 1. Basic Information, advantages and drawbacks of several common intelligent global optimization algorithms
Advantage disadvantage
Genetic Algorithm Large searching space Slow
Particle Swarm Optimization Higher possibility of Very slow
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convergence
Hybrid Artificial Bee Colony High calculation quality Unable to deal with high-dimensional
problem
Hybrid PSO with Stop Criteria Fast convergence Small searching space
Ant Colony High calculation quality Very slow in
high-dimensional problem
Artificial Fish Swarm
Optimization
Fast convergence Many constraints
Hybrid Simulated Annealing High calculation quality Very slow
Except transplanting existing methods to MAS platform, improving or even designing new algorithms according
to special features of MAS in economic dispatch become popular solutions. A subgradient optimization algorithm is
proposed in[56]. Here, step and direction of iterations are improved. Emulation results show that this method improves
calculation speed significantly. An improved method named hybrid particle swarm is introduced in[57]. A combined
weight diminishing with genetic algorithm helps particles trapped in local optimals jump out of its former region. This
siginificantly improves calculation quality and speed. Generally, methods basing on consensus algorithms are good
choices, such as expressed in[58–61]. Basic idea of consensus algorithm is making identical partial derives of the profit
functions of all CGs through adjustment. This leads the MG to a condition of minimal cost rate. In[58], cost increments
of CGs and profit increments of flexible loads are taken as consensus variables for the algorithm. MAS usually runs in
distributed mode when implementing consensus algorithm, as can be seen from the aforementioned references. A
distributed fusion strategy basing on consensus algorithm containing gradient decending process is utilized in[62]. This
improve calculating speed of the method effectively. In[63], MAS performs an economic dispatch through decentralizd
priority ranking. Taking generation shortage for example, each CG Agent inquires cost rate function of its
corresponding CG, and finds out the derivative value situates in current output. CG having smaller derivative achieves
higer priority of active power increment. Emulation indicates that this process finds good results in optimization.
However, this optimization can not be divided from the coordination process and affects the performance of real-time
coordination.
Specifically, some researches develop heuristic algorithms customized exactly for MAS platform. In[64,65], the
authors distributed the target function of economic dispatch to several parallel sub-functions each is handled by a
corresponding agent. In [64], a new information transmitting structure named: Dynamic Programming Decentralized
Optimal Dispatch is created and proves its better performance in optimal searching than traditional method does. A
reinforcement learing model is presented in[66] basing on MAS platform. Each agent modifies its behavior according to
previous experience acquired. This heuristic method provides quite a good solution in minimizing fuel and pollution
cost in actual operation.
Currently, various MAS functions on economic dispatch in MG are proposed, especially for those distributed
algorithms. The diversification indicates different direction for future researches. Considering the frequent request of
economic dispatch, future MAS functions should focus on the improvement of the calculation speed while keeping a
good result quality.
3.2.2 Calculation of NE within a Retailed MG
To break up monopoly, introduce competition and allocate resources resonablly, open electricity market has become a
good choice. China started the development of electricity market in 2002 and has tried to find better solutions to
reconstruction of electricity industry, effective market monitoring and rules for electricity clearing. But there is no
mature systematic structure on this point[67]. Large electricy market involving several countries and regions proposed by
the US and EU appears in recent year[68]. A trend of retailed electricity market is inevitable in the future[69–71].
MG technology outperforms Macro-Grid in lowering power transmission loss, thus, MG has price advantage in
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local market competition and provides cheaper electricity for loads than Macro-Grid does. Researches on open retailed
electricity market within MAS platform are quite necessary. In this situation, each device within the MG is
monitored by a corresponding agent which fights for the maximal profit of this device. MAS technology provides a
good solution for implementing a completely open market in MG.
In retailed market, generations hold non-cooperative relationships with each other. Nash Equilibrium (NE) is one
of the most important concept in non-cooperative gaming[72,73]. Its basic definition concerns psychology: NE is a set of
strategies. When a NE status is reached, none of the players can increase its profit by change strategy unilaterally, thus
each player is motivated to stay within the NE state[74,75]. NE provides a stable condition that each of the players accepts
this situation and this status is considered stable by the outside world.
In retailed market, elecirity transmission and consumption are similar to those of other kinds of mechandises. Thus,
a retailed electricity market is valuable. In this situation, each generation competes, the result of gaming determines the
retail price and quantity of electricity power. According to the basic definition of NE, the set of all global NEs forms the
results of multi-objective optimization for the profit function set of all CGs. When situates an optimal, none of the CG
agents can increase profit by modifying its active power output unilaterally. The definition of multi-objective
optimization is in accordance to that of NE.
In non-cooperative gaming, there might be multiple NEs globally[76,77], each of them corresponds to a different
status. In retailed electricity market, it is important for MAS to pick up a certain optimal NE quickly. High calculation
speed enables the MG provides stable sevice quickly, this is an essential feature for an electricity provider; Optimal NE
implements the policy of the whole market environment such as promotion of renewable generation, lowering pollution
and retail price, etc.
Recently most researches create a dynamic gaming environment for retailed maket. In dynamic gaming,
previous bids are shown in public, former strategy of one player will affect later strategy of the others. After multiple
rounds of gaming, the market might converge to a NE. In[78], a retailed market basing on MG monitored by MAS is
proposed. First, all the agents initiate their strategies with an assumption that a NE is already achieved. In one round,
each agent assumes that strategies of the others remain unchanged, and it calculates maximal profit of the device under
this circumstance. Then all the strategies are collected and updated for the next round of optimization. After many
iterations, MAS helps MG converge to a NE. The possibility of convergency is not evaluated in this reference. A
Double-Sided Energy Auction in islanded mode is introduced in[79]. This method is totally distributed, each of the CG
Agent modified its current strategy according to its expectation, previous bids of load agents and retail price; Then load
agent modifies load demand according to the bids of all CG Agents. This process runs in iterations and finally leads the
MG to a specific NE. The method in[80] is similar to that of[79], only with an optimization process implemented by
particle swarm algorithm. An evaluation of calculation speed is also needed. In[81], a proofing of the existance of NE is
given. In calculation, MAS platform provides 2 kinds of gaming strategies: strategy basing on retail quantity and price.
CG Agent bids according its risk cost while electricity retail price evolves using an adapative algorithm. After a round
of gaming, load agent changes load demand according to retail price. The process iterates until a NE is formed.
Emulation results indicate the effectiveness of this method. In[82] a strategy making method similar to that in[81] is
presented. 2 models basing on 2 different strategies are made: models basing on risk tolerance and minimal cost, the
latter utilizes an improved Roth Erev reinforcement learning algorithm to bid. Real-time emulation proves its fast
calculation speed and high stability. Differential gaming is a complex dynamic gaming in continuous time slots.
Differential gaming is more competitive and can describe activities within an open market precisely. Linear Quadratic
Differential Games is applied to describe market environment in[83]. By solving Riccati Equations, MAS achieves a NE.
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Dynamic gaming is a good model describing market activity, it provides more freedom for CG Agent and attracts
more players. However, dynamic gaming need multiples iterations to converge, proofing of the certainty of convergence
is difficult and calculation speed might be slow. Besides, when a player detects a NE is going to be achieved, it may
take some strategies to stop the process. Even that behavior may not succeed, it takes quite a long time for the market to
reach a stable NE, and the corresponding retail price and quantity may not be satisfactory.
In order to avoid the uncertainty of dynamic gaming, several researchs design a static gaming for MG. In this
situation, content of each bid and the sequence of bidding remain secret, CG Agents have no reference of previous
action. They must predict a NE and bid for it. When each agent predicts the same NE, a global stable NE is formed. On
the other hand, if a NE is the ultimate target of open market, regardless of gaming pattern (dynamic or static) and
strategies of different CG Agents, if the result converges, it forms a NE. If MAS can calculate global NEs and select the
optimal one, calculation time will be shortened significantly. In[57] the cournot model is utilized for NE calculation.
Its basic idea is solving the equation set of zero deviratives of profit functions of all CGs. However, this method will
miss the NEs situates in undifferentiable point. A method basing on basic NE definition is proposed in[84] to search the
whole strategy space of all players to select optimal NE. This method can find all the NE globally and is suitable for
MAS platform, but its calculation speed needs further evaluation. Binary Expansion Approach is utilized in [85], this
process first switches the calculation of Mathematical Program with Equilibrium Constraints to Mixed interger linear
programming, then uses commercial software in optimal calculation. Static gaming is not commonly used in MAS
calculating NE due to that multi-objective optimization is quite difficult. However, this gaming model worthes further
research. Future development should focus on the calculation speed and effectiveness of optimal NE selected by MAS
platform
4. Future Focus
The future development of MAS technology will develop advanced functions which promotes penetration of MG in the
future. MAS platform should also help standardrization of MG technology. Future focuses on this topic are not limited
within the follows:
A. MAS in MG protection and service restoration. Distributed monitoring functions enable MAS to monitor complex
power stream, thus, MAS is originally suitable for implementation of advanced MG protection functions. One
agent can detect and cut down faults along with information provided by its neighbor agents. This is a fully
distributed mode; After severe faults occurs, MG may suffer a blackout, a fast service restoration function of MAS
increases the stabiligy of the whole system. Advantages of MAS in service restoration is the distributed
coordination capability. Every agent can maximize resources of corresponding device and provide support orderly.
The independent runtime capability of each agent can help monitor local voltage and reactive power to provide
further auxiliary functions such as electricity quality control during restoration.
B. Plug and play. MAS platform supports plug and play and can implement the same function for devices within MG.
This feature can help build a friendly environment integrating various kinds of devices. Traditional centralized
control mode depends on the control center totally, as its calculation burden is already heavy, various and frequent
costumized control needs from the device can not be satisfied. For MAS, each of the devices within the MG has a
corresponding agent, thus, when a new device joins the operation, MAS only needs to add a new agent to keep the
new device from harming the stable environment; when a device quits operation, its agent can cooperate with
others to achieve a seamless quitting. Plug and play is a set of functions coordinated quite presicely, a good
designation of these features help improve penetration of MAS platform in MG control.
C. Prediction. The hierarchical control structure of MAS supports implementation of heuristic algorithms, which can
predict loads and generations. Specifically, MAS can predict renewable generation basing on previous experiences
and prediction data of primary resource made by meteorologic bureau via internet. This provides an advanced
prediction functions for MAS.
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D. Big data and self-learning. MAS is a platform suitable for implementing and developing self-learning algorithms.
By recording MG status continuously, MAS can collect big data on MG operations within a long duration.
Self-learning functions can find implied features of MG within those data and provide further suggestions for MG
construction, operation and optimization.
E. MAS promoting the development of smart MG. MG technology has a promising future; the operation mode of
electricity industry will be a Macro-Grid integrated with many small MGs. Introducing artificial intelligents to
MAS platform to enable learning, thinking and judging capability of MG can create smart MG. Thus, MG can
judge whether support or absorb power from Macro-Grid, make prudent choices when the situation is not clear,
make automatic decision by emulating preference of its owner and cooperate with other MAS of MG to provide
local area with economic operation. Smart MG provides infinite potentials of electricity industry.
5. Conclusion
As the high compatibility of various generations, MG technology can relief the dependency on fossil fuel, decrease
power loss, increase stability and compatibility of various kinds of generations in electricity industry; MAS platform
suits control need of MG both in topology and capability of operation mode switch. Thus, a systematic research on the
MAS technology in MG control is necessary and will promote the development of MG.
This paper reviews the current applications of MAS for MG both in basic and advanced control demands.
For basic demands, MAS functions are available, but a further improvement of performance is essential for future
researches to increase penetration of MAS in MG control; For advanced demands, MAS should increase calculation
speed to meet the complex needs of MG. In the last part, the future focuses are also depicted.
Acknowledgements
The work is carried out under the projects Theme Unit of Excellence in Nanodevice Technology
(SR/NM/NS09/2011(G)) funded by the Nanomission, Dept. of Science and Technology, Government of India and [No.
DST/INSPIRE Faculty Award/2016/DST/INSPIRE/04/2015/003152] funded by the Ministry of Science and Technology,
Dept. of Science and Technology, Government of India for partial manpower support. I am deeply grateful to Prof. A K
Raychaudhuri for his valuable suggestions and providing instrumental facilities.
References
1. Kong Y, Wang J, Kong Z, Song F, Liu Z, et al. Small hydropower in China: The survey and sustainable future. Renewable and
Sustainable Energy Reviews, 48, Supplement C: 425-433.
2. Rao R S, Ravindra K, Satish K , Narasimham S V L. Power loss minimization in distribution system using network
reconfiguration in the presence of distributed generation. IEEE Transactions on Power Systems, 2013, 28(1): 317–325, 2013.
3. Kumar A, Sah B, Singh A R, Deng Y, He X, et al. A review of multi criteria decision making (MCDM) towards sustainable
renewable energy development. Renewable and Sustainable Energy Reviews, 2017, 69: 596–609.
4. Liu G, Yang Z, Chen B, Zhang Y, Su M, et al. Prevention and control policy analysis for energy-related regional pollution
management in China. Applied Energy, 166: 292–300,.
5. Alper A, Oguz O. The role of renewable energy consumption in economic growth: Evidence from asymmetric causality.
Renewable and Sustainable Energy Reviews, 60: 953–959.
6. Zhenkun L I, Yue M, Rong H U, Yang F U. Optimal planning of substation considering distributed generation and shiftable
loads. Proceedings of the Csee, 2016.
7. Luo Y, Shi Y, Zheng Y, Gan Z, Cai N. Strategy for renewable energy storage in a dynamic distributed generation system.
Energy Procedia, 105, no. Supplement C: 4458–4463.
8. Seyedi Y, H. Karimi H, Grijalva S. Distributed generation monitoring for hierarchical control applications in smart microgrids.
IEEE Transactions on Power Systems, 2017, 32(3): 2305–2314.
Electronics Science Technology and Application Volume 5 Issue 1 | 2018 | 11
9. Qiong S, Hui Z, Kai S, Yalong W. Improved Adaptive Control of Inertia for Virtual Synchronous Generators in Islanding
Micro-grid With Multiple Distributed Generation Units. Proceedings of the CSEE, 2017, 2: 412–424.
10. Mahmoud M S, Rahman M S U, Sunni F M A L. Review of microgrid architectures-a system of systems perspective. IET
Renewable Power Generation, 2015, 9(8): 1064-–1078.
11. Majzoobi A, Khodaei A. Application of microgrids in supporting distribution grid flexibility. IEEE Transactions on Power
Systems, 2016, 99: 1–1.
12. Rajesh K S, Dash S S, Rajagopal R, Sridhar R. A review on control of ac microgrid. Renewable and Sustainable Energy
Reviews, 2017, 71: 814–819.
13. Yan B, Wang B, Zhu L, Liu H, Liu Y, et al. A novel, stable, and economic power sharing scheme for an autonomous microgrid
in the energy internet. Energies, 2015, 8(11): 12338.
14. Marzband M, Yousefnejad E, Sumper A, DomJ. L.ad1/ 201 J L. Real time experimental implementation of optimum energy
management system in standalone Microgrid by using multi-layer ant colony optimization. International Journal of Electrical
Power & Energy Systems, 2016, 75: 265–274.
15. Shuai Z, Sun Y, Shen Z J, Tian W, Tu C, et al. Microgrid stability: Classification and a review. Renewable and Sustainable
Energy Reviews, 2016, 58: 167–179.
16. Xiong W, Wang X, Liu S, Zhu Z, Liu C, et al. Summary of research on microgrid energy management system. Electrical Power
Automation Equipment, 2014, no. 10: 7–14.
17. Coelho V N, Weiss Cohen M, Coelho I M, Liu N, GuimarG.e F G. Multi-agent systems applied for energy systems
integration: State-of-the-art applications and trends in microgrids. Applied Energy, 2017, 187: 820–832.
18. Meng L, Sanseverino E R, Luna A, Dragicevic T, Vasquez J C, et al. Microgrid supervisory controllers and energy management
systems: A literature review. Renewable and Sustainable Energy Reviews, 2016, 60: 1263–1273.
19. Kantamneni A, Brown L E, Parker G, Weaver W W. Survey of multi-agent systems for microgrid control. Eng Appl Artif Intell,
2015, 45(C): 192–203.
20. Zhou X, Liu T, Liu X. Multi-agent based microgrid coordinated control. Energy Procedia, 2012, 14: 154–159.
21. Eddy Y S F, Gooi H B, Chen S X. Multi-agent system for distributed management of microgrids. IEEE Transactions on Power
Systems, 2015, 30(1): 24–34.
22. Gu W, Liu W, Wu Z, Zhao B, Chen W. Cooperative control to enhance the frequency stability of islanded microgrids with
DFIG-SMES. Energies, 2013.
23. Li Z, Zang C, Zeng P, Yu H, Li H, et al. Analysis of multi-agent-based adaptive droop-controlled AC microgrids with PSCAD.
Journal of Power Electronics, 2015, 15, (2): 455–468.
24. Kroposki B, Lasseter R, Ise T, Morozumi S, Papathanassiou S, et al. Making microgrids work. IEEE Power and Energy
Magazine, 2008, 6(3): 40–53.
25. Kantamneni A, Brown L E, Parker G, Weaver W W. Survey of multi-agent systems for microgrid control. Engineering
Applications of Artificial Intelligence, 2015, 45: 192–203.
26. Li Z, Zang C, Zeng P, Yu H, Li H, et al. Analysis of multi-agent-based adaptive droop-controlled AC microgrids with PSCAD:
Modeling and simulation.Journal of Power Electronics, 2015, 15(2): 455–468.
27. Palizban O, Kauhaniemi K, Guerrero J M. Microgrids in active network managementdroop-controlledhical control, energy
storage, virtual power plants, and market participation. Renewable and Sustainable Energy Reviews, 2014, 36: 428–439.
28. Yu Z, Ai Q, He X, Piao L. Adaptive droop control for microgrids based on the synergetic control of multi-agent systems.
Energies, 2016, 9(12): 1057.
29. Zhao J, Lyu X, Fu Y, Hu X, Li F. Coordinated microgrid frequency regulation based on DFIG variable coefficient using
virtual inertia and primary frequency control. IEEE Transactions on Energy Conversion, 2016, 31(3): 833–845.
30. Kim H M, Kinoshita T, Shin M C. A multiagent system for autonomous operation of islanded microgrids based on a power
market environment. Energies, 2010.
31. Hernandez F I, Canesin C A, Zamora R, Srivastava A K. Active power management in multiple microgrids using a multi-agent
system with JADE. in 2014 11th IEEE/IAS International Conference on Industry Applications, 2014, pp. 1–8.
32. Zhi W, Wei G. Active power and frequency control of islanded microgrid based on multi-agent technology. Electrical Power
Automation Equipment, 2009, 11: 57–61.
33. Ding M, Luo K. A multi-agent energy coordination control strategy in microgrid island mode. in Unifying electrical
engineering and electronics engineering: Proceedings of the 2012 International conference on electrical and electronics
engineering, S. Xing, S. Chen, Z. Wei, and J. Xia, Eds. New York, NY: Springer New York, 2014, pp. 529–536.
34. Liu W, Gu W, Bo Z. A novel multi-agent based control approach for frequency stabilization of islanded microgrids. IEEE PES
ISGT Europe 2013, 2013: 1–5.
35. Cao L, Li J, Cheng X, Liu X. Distributed optimal voltage/reactive power control system based on multi-agent system. Power
12 | Xiaoqi Yin et al. Electronics Science Technology and Application
System Technology, 2004, 28(7): 30–33+39.
36. Baran M E, El-Markabi I M. A multiagent-based dispatching scheme for distributed generators for voltage support on
distribution feeders. IEEE Transactions on Power Systems, 2007, 22(1): 52–59.
37. X. Qinghua. The study on voltage control technology based on multi-agent in Micro-Grid. Master, North China Electric Power
University (Beijing), 2010.
38. Nagata T, Okamoto K. Electric power interchange between micro-grids by using multi-agent approach. in 2014 IEEE
International Conference onAutomation Science and Engineering (CASE), 2014, pp. 50–55.
39. Nagata T, Okamoto K. A multi-agent based optimal operation for microgrid. in 2014 IEEE International Conference on
Systems, Man, and Cybernetics (SMC), 2014, pp. 3791–3796.
40. Logenthiran T, Naayagi R T, Woo W L, Phan V T, Abidi K. Intelligent control system for microgrids using multiagent system.
IEEE Journal of Emerging and Selected Topics in Power Electronics, 2015, 3(4): 1036–1045.
41. Ghazvini M A F, Abedini R, Pinto T, Vale Z. Multiagent system architecture for short-term operation of integrated microgrids.
IFAC Proceedings Volumes, 2014, 47(3): 6355–6360.
42. W. Junyang. An economic operation model for isolated microgrid based on distributed algorithm. Master, Hunan University,
2016.
43. Z. Qiongyao. Coordinated operation and optimization of multi-microgrid in distribution network. Master, Hangzhou Dianzi
University, 2016.
44. Moeini-Aghtaie M, Dehghanian P, Fotuhi-Firuzabad M, Abbaspour A.Multiagent genetic algorithm: An online probabilistic
view on Economic dispatch of energy hubs constrained by wind availability. IEEE Transactions on Sustainable Energy, 2014,
5(2): 699–708.
45. Zhong W, Liu J, Xue M, Jiao L. A multiagent genetic algorithm for global numerical optimization. IEEE Transactions on
Systems, Man, and Cybernetics, Part B (Cybernetics), 2004, 34(2): 1128–1141.
46. L. Jun. Microgrid coordination control research based on muiti-agent system. Master, Southwest Jiaotong University, 2016.
47. Karavas C S, Kyriakarakos G, Arvanitis K G, Papadakis G. A multi-agent decentralized energy management system based on
distributed intelligence for the design and control of autonomous polygeneration microgrids. Energy Conversion and
Management, 2015, 103: 166–179.
48. Z. Jian. Research on coordinated control and energy optimization of multi-microgrid based on distributed hybrid control.
Master, Hefei University of Technology, 2016.
49. Ren J S, Tan K T, Sivaneasan B, So P L, Gunawan E. Energy management of a multi-agent based multi-microgrid system. in
2014 IEEE PESAsia-Pacific Power and Energy Engineering Conference (APPEEC), 2014, pp. 1–6.
50. Elamine D O, Nfaoui E H, Jaouad B. Multi-agent system based on fuzzy control and prediction using NN for smart microgrid
energy management. in 2015 Intelligent Systems and Computer Vision (ISCV), 2015, pp. 1–6.
51. Amali D G B, Dinakaran M. A review of heuristic global optimization based artificial neural network training approaches.
International Journal of Pharmacy and Technology, 2016, 8(4): 21670–21679.
52. Kang F, Li J, Li H. Artificial bee colony algorithm and pattern search hybridized for global optimization. Applied Soft
Computing, 2013, 13(4): 1781–1791.
53. Ariff N M, Khalid N EA, Hashim R, Noor N M. Selfish gene algorithm Vs genetic algorithm: A review. 2016, 160(1): 012098.
54. Jordehi A R, Jasni J. Particle swarm optimisation for discrete optimisation problems: a review. Artificial Intelligence Review,
2015, 43(2): 243–258.
55. Sahnehsaraei M A, Mahmoodabadi M J, Taherkhorsandi M, Castillo-Villar K K, Yazdi S M M. A hybrid global optimization
algorithm: Particle swarm optimization in association with a genetic algorithm. in Complex System Modelling and Control
Through Intelligent Soft Computations, Q. Zhu and A. T. Azar (editors). Cham: Springer International Publishing, 2015, pp.
45–86.
56. Cai G, Wu H, Ji Y, Wu M, Li Y. Active power coordination control for autonomous microgiud based on muiti-agent system.
Acta Energiae Solaris Sinica, 2017, 38(3): 781–788.
57. Peng C. Micro-grid-based electricity market transactions and economic operation. Master, Beijing Jiaotong University, 2011.
58. Cai N, Nguyen Thi Thanh N, Mitra J. Economic dispatch in microgrids using multi-agent system. in 2012 North American
Power Symposium (NAPS), 2012, pp. 1–5.
59. Loia V, Vaccaro A. Decentralized economic dispatch in smart grids by self-organizing dynamic agents. IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 44, no. 4, pp. 397–408, 2014.
60. Hamad A A, El-Saadany E F. Multi-agent supervisory control for optimal economic dispatch in DC microgrids. Sustainable
Cities and Society, 2016, 27: 129–136.
61. Cintuglu M H, Youssef T, Mohammed O A. Development and application of a real-time testbed for multiagent system
interoperability: A case study on hierarchical microgrid control. IEEE Transactions on Smart Grid, 2016, PP(99): 1–1, 2016.
Electronics Science Technology and Application Volume 5 Issue 1 | 2018 | 13
62. Azevedo R d, Cintuglu M H, Ma T, Mohammed O A. Multiagent-based optimal microgrid control using fully distributed
diffusion strategy. IEEE Transactions on Smart Grid, 2017, 8(4): 1997–2008.
63. Nutkani I U, Loh P C, Wang P, Blaabjerg F. Decentralized economic dispatch scheme with online power reserve for microgrids.
IEEE Transactions on Smart Grid, 2017, 8(1): 139–148.
64. Miller S, Ramchurn S D, Rogers A. Optimal decentralised dispatch of embedded generation in the smart grid. presented at the
Proceedings of the 11th International Conference on Autonomous Agents and Multiagent Systems-Volume 1, Valencia, Spain,
2012.
65. Shamsi P, Xie H, Longe A, Joo J Y. Economic dispatch for an agent-based community microgrid. IEEE Transactions on Smart
Grid, 2016, 7(5): 2317–2324.
66. Mannion P, Mason K, Devlin S, Duggan J, Howley E. Dynamic economic emissions dispatch optimisation using multi-agent
reinforcement learning. in Proceedings of the Adaptive and Learning Agents workshop (at AAMAS 2016), 2016.
67. Ma L, Fan M, Guo L, Xue S, Li K. Latest development trends of international electricity markets and their enlightenment.
Automation of Electric Power Systems, 2014, 38(13): 1–9.
68. Santos G, Pinto T, Morais H, Sousa T M, Pereira I F, et al. Multi-agent simulation of competitive electricity markets:
Autonomous systems cooperation for European market modeling. Energy Conversion and Management, 2015, 99: 387–399.
69. Hu J, Harmsen R, Crijns-Graus W, Worrell E, van den Broek M. Identifying barriers to large-scale integration of variable
renewable electricity into the electricity market: A literature review of market design. Renewable and Sustainable Energy
Reviews.
70. Sharifi R, Fathi S H, Vahidinasab V. A review on demand-side tools in electricity market. Renewable and Sustainable Energy
Reviews, 2017, 72: 565–572.
71. Feng W, Liu S, Lai M, Deng X. Empirical research on price discovery efficiency in electricity futures market. Power
Engineering Society General Meeting IEEE, 2007: 1–6.
72. Nowik I, How risky is it to deviate from nash equilibrium? International Game Theory Review, 2016, 18(03): 1650006.
73. Krawczyk J B, Tidball M. Economic problems with constraints: How efficiency Relates to equilibrium. International Game
Theory Review, 2016, 18(04): 1650011.
74. Nash J. Equilibrium points in n-person games. Proceedings of the National Academy of Sciences of the United States of
America, 1950, 36(1): 48–49.
75. Nash J. Non-cooperative games. Annals of Mathematics, 1951, 54(2): 286–295.
76. Áureo de Paula. Econometric analysis of games with multiple equilibria. Annual Review of Economics, 2013, 5(1): 107–131.
77. Bowling M, Veloso M. Existence of multiagent equilibria with limited agents. J Artif. Int. Res., 2004, 22(1): 353–384.
78. en L. Economic scheduling research of microgrid under multi-agent-system based day-ahead electricity market environment.
Master, Yanshan University, 2015.
79. Faqiry M N, Das S. Double-sided energy auction in microgrid: Equilibrium under price anticipation. IEEE Access, 2016, 4:
3794–3805.
80. Basir Khan M R, Jidin R, Pasupuleti J. Multi-agent based distributed control architecture for microgrid energy management
and optimization. Energy Conversion and Management, 2016, 112: 288–307.
81. Liu Y, Qiu X, Qiu G, Tang K, Yan T, et al. Multi-agent game model of micro-grid containing energy storage system in islanding
operation. High Voltage Apparatus, 2016, 07: 75–81.
82. Jiang R, Qiu X, Dan L. Multi-agent system based dynamic game model of smart distribution network containing
multi-microgrid. Power System Technology, 2014, 38(12): 3321–3327.
83. Yan Y. Multiple generations coordination research basing on multi-agent technology. Master, Guizhou University, 2016.
84. Zhao M, Shen C, Liu F, and HuangX. A game-theoretic approach to analyzing power trading possibilities in multi-microgrids.
Proceedings of the Csee, 2015, 35(4): 848–857.
85. Dou C, Jia X, Heng L. Multi-agent-system-based market bidding strategy for distributed generation in microgrid. Power
System Technology, 2016, 02: 579–586.
